Abstract. Elevated levels of protein kinase CK2 were found in tumour cells compared to normal cells. Thus, inhibition of CK2 kinase activity seems to be an attractive method to stop growth of cancer cells. Two drugs, namely tetrabromobenzotriazole, TBB, and 2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole, DMAT were found to specifically inhibit CK2 and to induce apoptosis in tumour cells. The aim of the present study was the elucidation of the mode of action of these two inhibitors in addition to the inhibition of CK2 activity. The decrease in CK2 kinase activity induced by both inhibitors was accompanied by a reduction in cell viability and induction of apoptosis. Most interestingly, we detected that DMAT in contrast to TBB induced reactive oxygen species, ROS and DNA-double-strand-breaks (DSBs). Thus, in addition to inhibition of CK2 one has to consider ROS and DSBs contributing to the induction of apoptosis by DMAT.
Introduction
CK2, formerly known as casein kinase II, is ubiquitously distributed in eukaryotes where it was found in a variety of cellular compartments. It phosphorylates more than 300 different proteins which are implicated in the regulation of cell proliferation, differentiation and apoptosis (reviewed in refs. [1] [2] [3] . High expression of CK2 and an elevated kinase activity was found in many different tumours. CK2 is most often found as a tetrameric complex consisting of two regulatory CK2ß subunits and two catalytic · and/or ·' subunits. Knock-out studies of CK2· or CK2ß in mice resulted in embryonic lethality whereas CK2·' knock-out mice are viable but defective in spermatogenesis (4) .
CK2 is highly implicated in regulation of cell proliferation and in inhibition of apoptosis (1, 5) . Thus, many laboratories attempted to inhibit CK2 activity in order to inhibit proliferation in particular in cancer cells (6, 7) . Furthermore, it turned out that inhibition of CK2 also led to apoptosis (7) . Thus, CK2 has emerged as a promising pharmacological target for anti-cancer therapy. Consequently different strategies have been employed to inhibit CK2 activity (reviewed in refs. [8] [9] [10] . Some years ago it was shown that the use of CK2 antisense oligonucleotides resulted in the induction of apoptosis (5, 11) . In xenograft models of prostate cancer a dose-and time-dependent tumour cell death was induced by the same antisense oligonucleotide (12) . Another approach used a kinase inactive CK2·-K68A mutant to down-regulate CK2 activity which resulted in a marked inhibition of cell proliferation (13) . However, due to variable levels of CK2 in cells efficient down-regulation of the CK2 activity with the inactive CK2·-K68A mutant is not suitable. Another strategy to inhibit CK2 activity is provided by RNAi technology (14, 11) . However, the utilization of this technology is mostly dependent on transfection efficiency and proved to be inefficient, requiring continuous treatment of cells in order to achieve a down-regulation over an appropriate time. Since RNAi technology down-regulates also the level of the protein the altered stoichiometry may disturb regulatory protein-protein interactions. Thus, the search for chemical inhibitors was the most promising strategy for the regulation or inhibition of CK2 activity. Inhibitors can be classified as substrate analogue or nucleotide analogue which can be subdivided into benzimidazole derivatives like tetrabromobenzotriazole, TBB, polyphenole derivatives like emodin, or isochinoline derivatives. Some of the inhibitors like emodin and apigenin have a limited selectivity for CK2. Others like TBB and its derivatives mainly 4,5,6,7-tetrabromobenzimidazole, TBBz or 2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole, DMAT, are selective for CK2 although at least one other kinase, DYRK1a, was also inhibited to some extent (10) . The solution of the crystal structure of the complexes between CK2 and TBB (15) and with DMAT (16) led to the conclusion that TBB binds in quite a different manner to CK2 than DMAT. This observation prompted us to analyze whether there are additional variations in the intracellular response after treatment of cells with these two compounds. For this type of study we focused on the hormone-sensitive prostate cancer cell line LNCaP, which is known to go into apoptosis after treatment with the two drugs. We found that TBB and DMAT inhibited the CK2 activity to the same extent, however DMAT, in contrast to TBB, induced the formation of reactive oxygen species and DNA double strand breaks. Thus, it is clear from these results that beside its different mode of interaction with CK2 also the intracellular signalling is different.
Materials and methods
Cell culture and reagents. The hormone-sensitive prostate cancer cell line LNCaP (ATCC CRL-1740) was cultured in RPMI-1640 (Sigma-Aldrich Chemie GmbH, Munich, Germany) supplemented with 10% fetal bovine serum and 2 mM L-glutamine at 37˚C in an atmosphere enriched with 5% CO 2 . The CK2 inhibitors DMAT and TBB (Sigma-Aldrich Chemie GmbH) were dissolved in dimethyl sulfoxide (DMSO) to a 10 mM stock solution which was used to treat the cells in a final concentration of either 30 μM for DMAT or 50 μM for TBB over a period of 24 and 48 h (unless otherwise stated). Redox sensitive dye 2',7'-dichlorofluoresceine diacetate (H 2 DCFDA) was purchased from Molecular Probes B.V. (Leiden, The Netherlands) and also dissolved in DMSO to a stock solution of 100 mM.
CK2 in vitro kinase assay.
To determine the activity of CK2 after its inhibition cells were treated with TBB or DMAT or left untreated, lysed and the extracts were used in a kinase filter assay. In this assay we measured the incorporation rate of [
32 P]-phosphate into the synthetic CK2 specific substrate peptide with the sequence RRRDDDSDDD (17) . Twenty μl kinase buffer (50 mM Tris/HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl 2 , 1 mM DTT) containing 30 μg proteins was mixed with 30 μl CK2 mix (25 mM Tris/HCl, pH 8.5, 150 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, 50 μM ATP, 0.19 mM substrate peptide) containing 10 μCi/500 μl [Á 32 P]ATP. The mixture was spotted onto a P81 ion exchange paper. The paper was washed with 85 mM H 3 PO 4 three times. After treatment with ethanol the paper was dried and the Cerenkov-radiation was determined in a scintillation counter.
Cell viability and proliferation assay. To measure the metabolic activity of the treated cells, we used the MTTassay. In this assay the tetrazolium salt 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazoliumbromide (MTT) (SigmaAldrich Chemie GmbH) was reduced to a formazane. The day before treatment 2x10 4 cells/500 μl were seeded into the wells of a 24-well plate. Cells were treated with the CK2 inhibitors for various time intervals and after the incubation time 50 μl of MTT solution (5 mg/ml PBS) was added. After 4 additional hours 500 μl of the lysis solution was added and further incubated at 37˚C till the next morning. The absorption of these lysates was determined at 595 nm after transferring an aliquot of 200 μl into a 96-well plate.
Measurement of intracellular reactive oxygen species. Intracellular concentration of reactive oxygen species was determined by staining the cells with the redox-sensitive dye H 2 DCFDA (Molecular Probes B.V.). In the presence of reactive oxygen species H 2 DCFDA is oxidized to DCF. The dye detects several kinds of reactive oxygen species namely H 2 O 2 , ˙OOH and ˙NO3 -. Cells were treated with 50 μM TBB or 30 μM DMAT for 6 and 24 h. Following treatment the cells were washed with PBS, exposed to 5 μM H 2 DCFDA and incubated at 37˚C for 30 min. After the incubation cells were washed again in serum-free medium and resuspended in 500 μl of the appropriate growth medium. The excitation was measured at 488 nm and the emission at 525 nm using a flow cytometer. At least 10,000 counts were analyzed by cell quest software.
Western blot analysis of PARP and its cleavage products and of ÁH2AX. Proteins were separated by SDS polyacrylamide gel electrophoresis according to the procedure of Laemmli (18) . For Western blot analysis proteins were transferred to a PVDF membrane by tank blotting with 20 mM Tris/HCl, pH 8.7 and 150 mM glycine as transfer buffer. Membranes were blocked in PBS with 0.1% Tween-20 and 5% dry milk for 1 h at room temperature. The membrane was incubated with the polyclonal PARP antibody (1:1000) (Cell Signaling Technology, Frankfurt, Germany) or with anti ÁH2AX antibody pH2AX (1:10000) (Upstate, Schwalbach, Germany) in PBS Tween-20 with 1% dry milk for another hour. Then the membrane was washed twice for 10 min with PBSTween-20 with 1% dry milk. Incubation with the peroxidasecoupled secondary antibody (anti-rabbit, 1:30000 anti-mouse 1:10000) followed for 1 h. The membrane was washed again twice for 10 min with PBS-Tween-20. Signals were developed and visualized by the Lumilight system of Roche Diagnostics GmbH (Mannheim, Germany).
Results
Inhibition of CK2 leads to reduction of cell viability by apoptosis. The development of new inhibitors of protein kinase CK2 has accelerated together with an increase in specificity for CK2. Two of these highly specific inhibitors, TBB and DMAT were investigated for their effect on the hormone sensitive prostate cancer cell line LNCaP. First, an analysis of the inhibitory effect on the CK2 activity was accomplished in a kinase assay by incorporation of [Á-32 P]-phosphate into the synthetic CK2 specific substrate peptide RRRDDDSDDD (19) . We applied the inhibitors over a vast range of concentration and ended finally with concentrations of 50 μM for TBB or 30 μM for DMAT for a period of 48 h. Fig. 1A shows the relative phosphate incorporation into the substrate peptide from control (100%) and inhibitor treated cells. We found that using this particular concentration of inhibitors there is no gross difference in inhibition of the CK2 kinase activity with TBB in comparison to DMAT.
Having shown that both TBB and DMAT inhibited CK2 activity to nearly the same extent we analyzed the viability of the cells after treatment with the inhibitors. The metabolic activity of the cells especially the enzymatic activity of the mitochondrial dehydrogenases was measured with an MTT assay. The viability of the TBB or DMAT treated cells was compared to control treated cells. According to Fig. 1B the viability of cells was reduced by both inhibitors. However, DMAT led to a stronger reduction in the number of viable cells than TBB. With TBB we found a reduction of only 20% whereas the reduction with DMAT is about 40% after 24 h. This reduction in viability was even more pronounced when the cells were treated for 48 h. The decrease in the viability of cells could either be due to a cell cycle arrest or to cell death by apoptosis. In order to analyze apoptosis we determined the cleavage of PARP which is a late event in apoptosis. Full length PARP and its cleavage product were analyzed with an antibody which recognizes full length PARP with a molecular weight of 116 kDa and its cleavage product of 85-90 kDa. As shown in Fig. 2 cleavage of PARP occurred after treatment with both CK2 inhibitors. Taking all three results together it can be assessed that the inhibition of CK2 by either TBB or DMAT leads to a reduction in cell viability due to apoptosis.
TBB and DMAT differ in the mode of intracellular response.
Reactive oxygen species are emerging as critical signaling molecules (20) . The term reactive oxygen species (ROS) encompasses a wide range of molecules such as O 2 -, hydrogen peroxide (H 2 O 2 ), hydroxyl radical and peroxynitrite. It has been shown that mitochondrial ROS production triggers apoptosis (21) and therefore we investigated whether reactive oxygen species (ROS) might play a role in the cellular response to TBB or DMAT treatment of cells. To determine reactive oxygen species the fluorescent dye H 2 DCFDA was used. In the presence of ROS H 2 DCFDA is oxidized to DCF. This dye is able to detect the following reactive oxygen species H 2 O 2 , ˙OOH and NO 3 -. Cells were treated with 50 μM TBB and 30 μM DMAT over a period of 6 and 24 h. Cells were analyzed in a flow cytometer to detect the reactive oxygen species. In Fig. 3 it is demonstrated that after TBB treatment we were unable to detect ROS. However, in the case of DMAT treatment we observed reactive oxygen species after 6 h as well as after 24 h of treatment.
Increased ROS can induce genomic instability leading to DNA double strand breaks (DSBs) (22) . Thus, we decided to analyze whether DMAT might induce DSBs. The phosphorylation of the histone variant H2AX at serine 139, a form called ÁH2AX, has been characterized as a very early event following induction of DSBs. Therefore, we analyzed ÁH2AX formation after treatment of cells with TBB or with DMAT in comparison to untreated cells by Western blotting. Cells were treated for 4 and 24 h with TBB (50 μM) and DMAT (30 μM), cells were extracted and the cell extract analyzed by SDS-polyacrylamide gel electrophoresis followed by Western blotting with an antibody specific for phosphorylated H2AX. As shown in Fig. 4 there was a considerable increase in the amount of Á-H2AX after treatment with DMAT whereas there was only a slight increase after TBB treatment.
The detection of reactive oxygen species and the following DSBs strongly indicate that in addition to the inhibition of CK2 DMAT induces reactive oxygen species and DNA double strand breaks whereas TBB only inhibited CK2 activity without inducing ROS.
Discussion
Targeting protein kinase CK2 for potential therapeutic applications has become a rapidly evolving field. A number of different strategies for inhibition of CK2 activity were used. It turned out that both 4,5,6,7-tetrabromo-1,4-benzotriazol (TBB) and 2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazol (DMAT) exhibit a high specificity for protein kinase CK2 although, at least the dual specificity tyrosine phosphorylation-regulated kinase 1a (DYRK1a) is also inhibited by both inhibitors (10) . Both, TBB and DMAT belong to the class of ATP-competitive inhibitors of CK2 and thus, one would expect that both inhibitors might have a low specificity. However, unique features surrounding the ATP pocket and in particular a reduced size of the ATP pocket is responsible for the high specificity of TBB because TBB perfectly fits into this pocket. DMAT seems to contact the ATP pocket and its environment in a somewhat different fashion as deduced from mutation analysis of residues close to the ATP pocket (16) .
Here, we show that in prostate cancer cells TBB and DMAT led to an inhibition of the CK2 activity to nearly the same extent. Viability of cells treated with DMAT is more reduced than viability of cells treated with TBB. Furthermore, treatment with both inhibitors resulted in apoptosis of the prostate cancer cells which is in agreement with earlier observations (11) . However, recently there was some indication that TBB and DMAT might exert unique biological properties (8) which is strongly supported by the present study showing that DMAT led to the induction of reactive oxygen species (ROS) whereas TBB did not induce ROS.
Induction of ROS is accompanied by the formation of DNA double strand breaks which were detected by the determination of the level of phosphorylated H2AX (23) . ROS-mediated DNA damage has long been thought to play a role in the initiation of carcinogenesis and in malignant transformation (24) . ROS react with pyrimidines and purins of DNA resulting in base modifications, genomic instability and an altered gene expression. However, there is a growing body of data that the mitogenic signal of ROS is only observed at low ROS levels. Furthermore, a significant growth stimulation occurs when DU145 prostate cancer cells were exposed to H 2 O 2 (25) . On the other hand exposure of androgendependent LNCaP or androgen independent PC-3 or DU145 prostate cancer cells to prostate specific antigen increased H 2 O 2 levels (26). High levels of ROS can cause apoptosis by triggering mitochondrial permeability and release of proapoptotic factors (21) . This is the reason why a failure in the antioxidant system in cells leads to DNA-damage and apoptosis. Moreover, the DNA repair pathways are coupled with apoptosis effectors to ensure that irreparable DNA damage will not be passed to daughter cells. There was already a report showing H 2 O 2 production in prostate cancer cells after down-regulation of the level of CK2 by antisense CK2·, or by small interfering CK2· RNA or by inhibition of CK2 activity. Using high concentrations of TBB Ahmed et al (27) detected ROS in androgen-dependent ALVA-41 and androgenindependent PC-3 cells. Using the same high concentration of TBB we did not detect ROS (data not shown). The reason for this discrepancy is not clear but might be due to the different cell lines used for these studies. Since in our hands TBB treated cells never resulted in the formation of ROS and only low levels of DSBs, if at all, were detected, we conclude from these results that ROS formation is not a prerequisite for apoptosis induction. Our present results show that two closely related molecules such as TBB and DMAT induce different signalling pathways in the cell. Thus, before using these kinase inhibitors in cancer therapy one has to control for toxic side effects.
